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Abstract Wwe show for the first time that elves can be produced by an unusual small-scale
continental spring-time thunderstorm. The storm occurred in Central Europe, covered a very small area
of ~50 X ~30 km and lasted only for ~4 h on April 2, 2017. The fraction of intense positive cloud-to-
ground lightning strokes was unusually high, reaching 55%, with a mean peak current of 64 kA. The
peak currents of return strokes (RS) associated with elves exceeded ~300 kA. Elves and their causative
RS have been observed with different optical and electromagnetic recordings. Signatures of ionospheric
disturbances indicating the presence of elves were found in measurements of displacement currents,
ionospheric reflections of sferics and man-made narrow-band transmissions. All these electromagnetic
observations coincide with four optical detections of elves and strongly suggest the occurrence of two
more elves later in the decaying phase of the storm. Surprisingly, the same electromagnetic measurements
indicate that other strong strokes did not produce any elves. Our simulation results show that the
formation of an elve is not only determined by the high-peak current of their causative strokes but that
it is also controlled by the conductivity of the lightning channels and velocity of the current wavefront.
We hypothesize that because of a lower conductivity of RS lightning channels and/or slower current
waves only very strong strokes with peak currents above ~300 kA might have been capable to produce
observable elves during this thunderstorm.

1. Introduction

Elves are short-lived (<1 ms) transient luminous events (TLEs) which have been detected by low light
cameras in the visible wavelength range at altitudes of about ~90 km just after the onset of cloud-to-ground
(CG) lightning discharges (Fukunishi et al., 1996; Inan et al., 1996). An elve has the shape of a narrow
expanding ring propagating outwards from its central position above the parent lightning to horizontal
distances up to ~50-350 km (Barrington-Leigh & Inan, 1999; Fukunishi et al., 1996). The optical luminos-
ity of elves originates in the heating of ionospheric electrons and the subsequent excitation and ionization
of N, molecules in the lower ionosphere by an intense electromagnetic pulse from a strong CG lightning
discharge (Inan et al., 1997). Elves can be produced by lightning discharges of both positive and negative
polarities (Barrington-Leigh & Inan, 1999). Marshall et al. (2015) reported exceptional observations of elves
produced by intracloud (IC) lightning strokes, forming doublets with the reflection of the electromagnetic
waves from the ground. Elve doublets could also occur after a class of terrestrial gamma ray flash events
as shown theoretically by Liu et al. (2017). This was very recently confirmed experimentally by Neubert
et al. (2019) using Atmosphere-Space Interactions Monitor onboard the International Space Station. Tiger
elves with a striped luminosity modulated by convectively generated gravity waves (Moudry et al., 2003;
van der Velde et al., 2011; Yue & Lyons, 2015) have also been exceptionally observed. Recently, Mussa
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et al. (2019) reported observations of elves by the fluorescence detectors of the Auger Observatory, which
are now equipped with an innovative trigger developed for the detection of elves.

Simulations of optical emissions of elves with a typical donut shape are consistent with observations
(Barrington-Leigh & Inan, 1999; Cho & Rycroft, 1998; Inan et al., 1991, 1996; Kuo et al., 2007; Marshall
et al., 2010; Taranenko et al., 1993; Veronis et al., 1999). The hole radius of elves is believed to be related
to velocities of return stroke current wave (Blaes & Inan, 2014). They found that with a confidence of 95%
the causative RS current waves traveled between 52% and 94% of the speed of light. On the other hand,
typical velocities of the current wave in positive lightning RS channels reach only one third of the speed
of light (Mach & Rust, 1993). Kuo et al. (2012) developed a full kinetic model of elves with a wide spectral
range from UV, visible to near-infrared wavelengths. They showed that the first positive band of nitrogen
represented a major emission band. Pérez-Invernon et al. (2018a, 2018b) introduced recently a new model
of elves which includes calculations of the temporal evolution of more than 130 species in the lower iono-
sphere interacting through >1,000 elementary processes to estimate optical spectra of elves. They did not
find any differences in spectral characteristics of elves associated with energetic CG or IC discharges.

First estimates of the lower limit of the peak current for lightning strokes that produce elves were published
by Newsome and Inan (2010). According to their results, elves are produced with a cumulative probability
of reaching 50% at a peak current of 120 kA. However, subsequent observations showed different values.
For example, based on photometer measurements and very low frequency (VLF) electromagnetic wave
recordings conducted in the western US, Blaes et al. (2016) predicted that the cumulative probability of 50%
to produce elves would be reached already for CG return strokes (RS) with peak currents of 88 kA. Using
recordings with the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) on board the FORMO-
SAT?2 satellite and corresponding World Wide Lightning Location Network data, A. B. C. Chen et al. (2014)
estimated a lower limit of peak currents ~38 kA, to generate elves. However, van der Velde and Mon-
tanya (2016) found a lower limit of the peak current to be close to 130 kA for strokes that produced elves in
northeastern Spain. Note, that the sensitivity of optical sensors and background luminosity level of the sky
might play a role in the determination of the peak current limit for elves detection (A. B. Chen et al., 2008).
Moreover, the peak current is not the only parameter driving the generation of elves; it is also influenced by
the background neutral density, the electron density at the altitude of elves, and also by parameters of RS
processes other than the peak current. Electromagnetic signals emitted by the causative lightning strokes in
the VLF and extremely low frequency (ELF) ranges can propagate thousands of kilometers in the Earth-ion-
osphere waveguide. Therefore, their analysis serves as an ideal tool for studying elves-producing lightning.
The properties of the parent lightning strokes producing elves, such as the polarity, current moment, and
charge moment can be determined with broadband VLF and ELF measurements (Barrington-Leigh &
Inan, 1999; Cummer, 2003; Haldoupis et al., 2013; Inan et al., 2010 and references herein; Mlynarczyk
et al., 2015). Huang et al. (1999) investigated Schumann resonances excited by sprite and elves producing
strokes. They clearly showed that charge moment changes derived from ELF measurements are larger for
sprites generating strokes in spite of the fact that peak currents in the elves lightning events typically exceed
those associated with sprite. They also did not find any relation between peak currents and charge moment
change values for elves producing strokes.

Changes of ionization caused by elves are also observed as perturbations of the subionospheric propaga-
tion of narrowband VLF signals emitted by powerful transmitters dedicated to the communication with
submarines (Haldoupis et al., 2004, 2013; Mika et al., 2006). This phenomenon is known as a long-recovery
early event (LORE) since after an impact of a strong lightning stroke of any polarity (>250 kA) the electron
density in the lower ionosphere does not recover for many minutes. The probability of detections of LORE
perturbations approaches unity for discharges stronger than 300 kA if located within ~250 km from the
great circle path of a VLF transmitter-receiver link (Haldoupis et al., 2013). The LORE phenomenon is
considered as a VLF fingerprint of elves. Farges et al. (2007) observed a strong and very brief attenuation of
narrowband broadcasting signals (500-1,600 kHz) just after strong CG lightning discharges of both polar-
ities. They showed that this effect was due to electron heating in the lower ionosphere. Such perturbation
might be considered as a signature of elves in the medium frequency range.

Novel quasistatic electric field measurements detect lightning activity up to a range of ~100 km from the
detector (Bennett & Harrison, 2013). The source of these signals is a charge neutralization by lightning,
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which has usually a relatively small horizontal extent. Nevertheless, these detectors are able to record sig-
nals from TLE located up to ~1,000 km away due to horizontally extensive lower ionospheric electron den-
sity enhancements. This effect was observed to be associated with sprites (Fiillekrug et al., 2013) or halos
(Bennett, 2014). However, it was never reported to be associated with elves.

Elves-producing thunderstorms differ in both size and structure from ordinary thunderstorms. During the
summer, elves predominantly appear above well-developed stratiform regions of mesoscale convection sys-
tems with large reservoirs of positive charge. The storm area usually exceeds ~2.10*-25.10* km? and typi-
cally reaches ~10° km? (Soula et al., 2009). Such systems can develop above both landmasses and oceans.
The observations of the ISUAL satellite (A. B. C. Chen et al., 2014) showed that in summer the most active
elves-producing storms appeared on the western coastal area of the Northern America, in the equatorial
Africa, and the equatorial Southeast Asia. In winter, thunderclouds develop in a colder atmosphere, tend
to cover smaller areas, and cloud-tops are lower. In Japan, strong CG discharges with a large charge mo-
ment were found to take place near the convective core of winter thunderclouds (Figure 7 in Takahashi
et al., 2003). As elves are produced by electromagnetic pulses generated by high peak current lightning
strokes of any polarity, winter thunderclouds are more favorable for the production of elves having stronger
charge centers and larger electric fields (van der Velde & Montanya, 2016). As far as reported in the liter-
ature concerning the northern hemisphere elve-producing winter thunderstorms, such were exclusively
observed in the coastal region of Japan (Hobara et al., 2001; Suzuki et al., 2011; Takahashi et al., 2003), in
the Mediterranean region (Greenberg et al., 2007; Montanya et al., 2010; Yair et al., 2009), and over the Bay
of Biscay (van der Velde & Montanya, 2016). The occurrence of elves in the area of the Bay of Biscay is not
surprising, as the thunderstorms in this region were found to produce superbolts with energies above 2 MJ
(Holzworth et al., 2019). The majority of 800 elves recorded by a low-light camera in north-eastern Spain
and reported by van der Velde and Montanya (2016) occurred above the Atlantic maritime thunderstorms.

In this study, we present the first observation of a small-scale continental spring-time thunderstorm produc-
ing elves. We analyze elves and their causative lightning strokes which occurred in the southwest of Czechia
and which have been simultaneously recorded by different observational techniques on April 2, 2017. We
combine optical and electromagnetic measurements with a focus on positive lightning discharges with high
peak currents >100 kA. We observe an extremely large lower limit ~300 kA for the peak current of elve-pro-
ducing strokes and we compare the properties of discharges, which produced elves with those for which
elves were not detected. We use our observations as an input for an elve inception model to determine addi-
tional parameters of the return stroke that lead to elve production. In Sections 2 and 3, we describe the me-
teorology of the thunderstorm and our instrumental setup. In Section 4, we analyze and discuss different,
simultaneously conducted optical and electromagnetic records of elves, their causative lightning strokes
and other strong strokes occurring in the same thunderstorm. In Section 5, we introduce our elve inception
model to simulate optical emissions in the lower ionosphere related to return stroke currents >100 kA, and
in Section 6, we summarize our results.

2. Thunderstorm on April 2, 2017

A large low-pressure trough with the axis extending from Scandinavia to northern Italy traveled slowly east-
ward and created favorable conditions for deep moist convection, especially on its eastern side. Organized
convective storms occurred over Germany and neighboring countries, where moderate convective avail-
able potential energy (CAPE) overlapped with a weak to moderate vertical wind shear. According to the
radar measurements from the Czech radar network operated by the Czech Hydrometeorological Institute
(Novéak, 2007) the storm formed ~16:00 UTC in Germany close to the Czech border and moved across the
Bohemian Forest to Czechia. The storm decayed at around 23:00 UTC. In the vicinity of the storm, there has
been a CAPE of 375 J/kg and a weak deep-layer shear of around 10 m/s measured at the Kiimmersbruck
sounding station, Germany (49.4°N, 11.9°E) at 18:00 UTC. Storms are very rare in this region in April,
which is consistent with results of Taszarek et al. (2018) who did not find the CAPE values above 100 J/
kg during this month in Central Europe. On the other hand, the observed value of 375 J/kg is below the
average for the summer season. The storm had a multicell character and covered a very small area of about
1,500 km?. Based on radar measurements, the cloud height and cloud-top temperature were estimated to
9.5 km and —51°C, respectively. The global maps for the winter and summer seasons published by Wilcox
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Figure 1. Weather radar plots from April 2, 2017 provided by the Czech radar network consisting of two polarimetric Doppler weather radars Skalky and
Brdy (Vaisala WRM-200) operated by the Czech Hydrometeorological Institute. Times (in UTC) of plots a-d are chosen to be the closest to optical observation
of elves E1-E4. Locations (represented by white diamonds) and times of occurrence of causative strokes were provided by the lightning detection network
European Cooperation for Lightning Detection (EUCLID). The magenta line represents the western border of Czechia.

et al. (2012) placed the territory of Czechia in the interval of tropopause heights from 9.5 to 11 km in both
seasons and tropopause temperatures were between —60°C and —55°C (winter) or from —55°C to —50°C
(summer). The measured cloud height of this spring-time thunderstorm is therefore consistent with the
lower bound of the Wilcox et al. (2012) tropopause height interval, suggesting the similarity to the situation
in winter, while the measured cloud-top temperature falls in the summer-time interval of tropopause tem-
peratures. This unusual spring-time thunderstorm therefore has meteorological properties of both winter
and summer events. The meteorological radar plots closest to the occurrence times of the observed elves
indicate that the causative RS (represented by white diamonds in Figure 1) were predominantly located in
the high radar reflectivity areas indicated by the red color. The ground air temperature measured at the clos-
est meteorological station (Domazlice, Czechia, 49.4°N, 12.9°E) reached an unusually high value of 24°C
during the afternoon hours. The daily average temperature on April 2 was 17°C, about 11°C larger than its
typical value derived from long-term observations.

3. Instrumentation

The locations of the various instruments used in this study are shown in Figure 2. A TLE observing site of
the Department of Space Physics at the Institute of Atmospheric Physics of the Czech Academy of Sciences
is located in Nydek, Czechia (49.7°N, 18.8°E) at a distance of 430 km from the thunderstorm. Video frames
of three Watec 910HX cameras were recorded with a resolution of 720 X 576 pixels. Twenty-five video
frames were recorded every second such that the effective time resolution is 40 ms. Focal lengths of lenses in
all three cameras were the same (10 mm) and their effective horizontal field of view was 37°. Two cameras

KOLMASOVA ET AL.

4 0f 23



I ¥eld .
NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD032825

ADVANCING EARTH
AND SPACE SCIENCE

-5 0 5 10 15 20 30

=

145

25
S gv

~n

~~

A

~z

PO-Portishead, CH-Chibolton, UK (quasi-static e-field); RU-Rustrel, FR (VLF e-field +
m-field); RH-Rhauderfehn, D (VLF transmitter); BO-Bojnice, SK (SID monitor);
HY-Hylaty, PL (ELF

m-field); KAN-Kannuslehto, F (VLF m-field)

Figure 2. Location of the elve-producing thunderstorm is marked by a gray circle in the inset on the top right-
hand side. Positions of all positive and negative CG lightning discharges detected by EUCLID during the analyzed
thunderstorm (18:30-22:30 UTC) are represented by red and blue dots, respectively, in an area restricted to latitudes
ranging from 49.0°N to 50.5°N and longitudes from 12.0°E to 14.0°E. Locations of individual instruments are
represented by colored dots.

are equipped with a GPS video time inserter, which provide information on the start and end times of the
exposure time for each video frame. The UFOCapture V2 event detection and analyzer software package
(http://sonotaco.com/) is used to record transient optical phenomena and to process the records.

High-speed photometers installed in the Digital Autonomous Fireball Observatory measuring units have
been deployed by the Astronomical Institute of the Czech Academy of Sciences at 14 places in Czechia in
scope of the European fireball network (Spurny et al., 2017). These all-sky photometers record high-reso-
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lution radiometric light curve profiles with a sampling frequency of 5 kHz and/or 500 Hz. The system time
is controlled by the PPS pulse of the GPS signal. We have used data from Czech stations Pfimda (12.7°N,
49.7°E) and Kocelovice (13.8°N, 49.5°E), which were located at a distance of 20 and 100 km from the inves-
tigated thunderstorm, respectively.

A three-component VLF receiving station of the Department of Space Physics, Institute of Atmospheric
Physics of the Czech Academy of Sciences is placed at the external measurement site of the Laboratoire
Souterrain & Bas Bruit on the summit of La Grande Montagne (43.9°N, 5.5°E) close to Rustrel, France at a
distance of 820 km from the storm. A 10-cm spherical electric antenna is located 2 m above the ground and
two perpendicular magnetic loop antennas have an effective surface area of 2 X 48 m?. The vertical upward
electric field component and horizontal eastward and southward magnetic field components (geographic
orientation) are sampled at 50 kHz. Every 5 min 144 s long waveforms are recorded, followed by 156 s of
idle time (Santolik & Kolmasova, 2017).

A two-component VLF receiving station of the Sodankyld Geophysical Observatory of the University
of Oulu is placed at a remote, low noise site in Kannuslehto, Finland (67.7°N, 26.3°E) at a distance of
~2,100 km from the thunderstorm. VLF electromagnetic waves are recorded in a frequency band from 0.2
to 39 kHz by two orthogonal magnetic loop antennas oriented in the geographic north-south and west-east
directions. Each antenna has an effective surface area of 1,000 m> The sampling frequency is 78.125 kHz
(Manninen et al., 2016).

A sudden ionospheric disturbances (SID) monitor of the Slovak Organization for Space Activities placed in
Bojnice, Slovakia (48.8°N, 18.6°E) is used for the monitoring of perturbations of narrow band VLF signals
emitted by strong transmitters for communication with submarines in a frequency range from 15 to 30 kHz.
The SID monitor is able to monitor simultaneously the strength of up to 16 VLF transmitter signals. The
sampling frequency is 1 Hz. For this study we have chosen the recordings of the carrier of the VLF trans-
mitter DHO38 used by the German Navy. The transmitter is located near Rhauderfehn, Germany (53.1°N,
7.6°E). DHO38 transmits at a frequency of 23.4 kHz with a power up to 800 kW. The transmitted signal
propagates from Germany to the receiver in Slovakia via multiple reflections between the Earth and the
lower ionosphere. The shortest distance between the signal propagation path and the thunderstorm loca-
tion was ~300 km.

The Hylaty ELF receiving station is located in an uninhabited area in the Bieszczady Mountains (49.2°N,
22.5°E) in Poland at a distance of 730 km from the thunderstorm. It is operated by the Jagiellonian Univer-
sity and the AGH University, Krakow. Two magnetic field components oriented in the geographic north-
south and east-west directions are sampled at a frequency of 887 Hz. The frequency bandwidth of the
receiver extends from 0.03 to 300 Hz (Kulak et al., 2014). Current moment waveforms and charge moment
change waveforms are reconstructed from the ELF measurements of magnetic field fluctuations using the
inverse channel method (Kulak & Mlynarczyk, 2013).

Monitors of quasistatic vertical electric field changes (BTD-300) have been designed, constructed and op-
erated by Biral, a UK manufacturer of meteorological and visibility sensors (Bennett, 2013, 2017). The fre-
quency of the BTD-300 ranges from 1 to 45 Hz. The sensors detect the signal induced on three co-located
metallic electrodes when exposed to changes in surrounding atmospheric electric field produced by light-
ning discharges. Each electrode generates a displacement current, flowing from the surface of the con-
ductor to the ground, which corresponds to the rate of change of the local electric field, measured with an
electrometer current amplifier and sampled at 100 Hz. The detector uses passive electrodes of approximate-
ly 0.1 m® each, whose geometry has been chosen to inhibit corona initiation in local thunderstorm strong
electric fields. For this particular geometry of the detector and antennas, only lightning discharges produce
the correct combination of relative signal amplitudes at different antennas compared to local sources of
displacement currents that are not associated with lightning. To help differentiate lightning-related signal,
the covariance plots between the primary and secondary antennas are used. As the detectors were able to re-
cord signals associated with distant sprites (Fiillekrug et al., 2013) and halos (Bennet, 2014) due to extensive
horizontal changes in the low ionosphere electron density, we expected them to detect also signals related
to elves. In order to discriminate signals associated with elves from signals generated by close lightning, we
have used the data recorded at two stations, Chilbolton (51.2°N, 1.4°W) and Portishead (51.5°N, 2.8°W) in
the UK located at a distance of 1,040 and 1,140 km from the storm, respectively.
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To get an overview of the lightning activity during the investigated thunderstorm, we used a list of light-
ning detections provided by the European Cooperation for Lightning Detection (EUCLID). EUCLID net-
work consists of more than 150 sensors in 27 countries and covers whole Europe ranging from Portugal
to Finland and from Sicily to the North of Norway. The detection efficiency for Austria (closest country to
Czechia) is 98% and 84% for negative flashes and strokes, respectively; and 97% and 92% for positive flashes
and strokes, respectively. The mean location accuracy is 500 m (Schultz et al., 2016). EUCLID reports the
time of lightning occurrence with microsecond precision, the location, the type (IC/CG) of the discharge, its
peak current and the polarity for each identified stroke. The estimation of the peak current is based on the
transmission line model and on the conversion of peak field to peak current assuming a return stroke speed
of 1.2 x 10® m/s. Estimated typical errors of the peak current for positive strokes is 4% and might reach up
to 40% (Poelman et al., 2016; Schultz et al., 2016). The automated detection procedures developed for opera-
tional service delivery have on occasion difficulties with the locations of extremely strong lightning strokes
because of complexity of their field waveforms. This might happen when numerous sensors saturate, strong
ionospheric reflections occur or when the actual return stroke to ground is preceded by numerous recoil
leaders producing return stroke type field pulses (Cummins, 2000).

Locations of all positive (red points) and negative (blue points) CG lightning discharges detected by EU-
CLID in the latitude/longitude range [49.0°N-50.5°N] and [12.0°E-14.0°E] during the evolution of the thun-
derstorm are shown in Figure 2.

4. Measurements
4.1. Optical TLE Detections

Our data set is built around the first optical observations of elves above Czechia. Four clearly visible elves
were captured in four different 40 ms long video frames at the observational site in Nydek, Czechia on April
2,2017: the E1 frame starting at 19:21:36.185 UTC, the E2 frame starting at 19:39:23.901 UTC, the E3 frame
starting at 19:53:14.028 UTC, and the E4 frame starting at 20:05:12.835 UTC. For the first three frames (E1,
E2, and E3) we have GPS timing with an accuracy better than 1 ms but the last frame E4 was recorded only
by a camera without the GPS time tag, using an approximate computer time with an accuracy of 100 ms.
The elves E1, E2 and E3 were also captured by this camera, and we show its relevant video frames from the
four elves in Figure 3. The altitudes of the centers of elves are estimated ~80-86 km using the elevation
above horizon and the known distance to the storm. These heights are by several kilometers lower than
those of van der Velde and Montanya (2016) in the Mediterranean region. As the edges of elves are usually
quite diffuse, we estimated their lateral extent and the hole radius only very roughly. We visually deter-
mined the azimuths of the centers, inner and outer edges of the four captured elves. Knowing the location
of causative RS and thus their distance to the camera, we calculated the inner and outer radii of individual
elves. To make the estimation of the elves radii more reliable, we repeated their visual rough estimation a
few times within a month. We calculated average values of these estimates, which are illustrated in Figure 3
by blue dots. The fluctuations in our visual estimates are represented by inaccuracies of elves radii. The
inner radius varies from 29 to 48 km (E1: 41 + 2 km; E2:45 + 3 km; E3:33 + 2 km; E4:29 + 3 km) the outer
radius reaches 112-183 km (E1: 175 + 7 km; E2:143 + 2 km; E3:148 + 4 km; E4:114 + 2 km). Additionally,
we also very roughly estimated brightness of elves by comparing them with the brightness of stars in the
field. We constructed reference frames by averaging several video frames neighboring the elves to minimize
the noise. We subtracted these reference frames from the corresponding frames, which contained the elves.
As a result, we obtained the brightness of the elves themselves. We then measured the brightness of stars
in the reference frames in order to obtain a relation of the brightness in our video and catalog magnitudes
of the stars. The total apparent magnitude of the elves E1 was approximately —7. The relative brightness of
elves E2, E3, and E4 with respect to E1 reached 80%, 80%, and 50%, respectively. All optical properties of
elves are summarized in Table 1. Additionally, two sprites were observed during the same thunderstorm.
The frame containing the first sprite started at 19:26:37.284 UTC. The second sprite was captured shortly
after the elves E3 by the camera without the GPS timing, in the frame starting 19:53:14.121, tagged only with
an accuracy of 100 ms. The thunderstorm persisted for ~7 h. We focus on its electrically most active part,
which started approximately 1 h after sunset at 18:30 UTC and continued until 22:30 UTC. The cameras
were operational from the sunset until the sunrise on the next day.
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Figure 3. Pictures of elves captured on April 2, 2017 by the Watec 910HX camera in Nydek (Czechia) at a distance
of 430 km from the thunderstorm (a) E1: 19:21:36.185-19:21:36.225 UT; (b) E2: 19:39:23.901-19:39:23.941 UT; (c)
E3:19:53:14.028-19:53:14.068 UT; (d) E4: within 100 ms around 20:05:12.8 UT. Blue dots represent very rough visual
estimates of the centers, inner and outer edges of elves.

4.2. Measurements of the EUCLID

During the time interval from 18:30 to 22:30 UTC, 142 CG and 656 IC lightning discharges were detected
by EUCLID in the corresponding area restricted by the latitudes from 49.0°N to 50.5°N and longitudes
from 12.0°E to 14.0°E. The fraction of positive CG lightning strokes which occurred during the investigated
thunderstorm reached 55%. This was unusually high compared to the average fraction of positive strokes
occurring in Europe during April, which is about 19% as reported by EUCLID (Poelman et al., 2016) while
this fraction reaches about 20% from December to February and around 10% from June to October. The av-
erage annual fraction of positive lightning detected in Czechia in the period 2002-2008 was also 19% (Novak
& Kyznarova, 2011). The observed fraction of 55% is also much higher than the largest reported average
fractions of positive strokes observed at different continents during the winter season (Japan—33%, Wu
et al., 2014; Central United States—20%, Market & Becker, 2009; Eastern Mediterranean—13%, Ben Ami
et al., 2015). Thus, we cannot exclude that the analyzed storm had an inverted-polarity electrical charge
structure, which is predominantly observed for dry continental regions and in which fractions of CG+ light-
ning strokes might exceed 80% (MacGorman et al., 2005). The positive CG lightning discharges were also
exceptionally strong reaching nearly 500 kA. The peak current of negative and positive CG lightning strokes
ranges from —2 to —42 kA and 9 to 493 kA, respectively. Median peak currents for positive and negative CG
strokes that occurred during the thunderstorm were +64 kA and —5 kA, respectively. The mean peak cur-
rents were +93 kA and —9 kA. An abnormality in strengths of the positive peak currents is also supported
by findings of Novak and Kyznarova (2011) who reported that the distribution of peak currents of positive
lightning in Czechia is peaking at +4 kA and that there were less than 1% of currents above +50 kA in the
period 2002-2008. The observed large median positive peak current of 64 kA is probably even underestimat-
ed because of the difficulties of the EUCLID network to identify some of the extremely large peak current
discharges. The temporal distribution of negative (blue stars) and positive (red stars) peak currents is shown
in Figure 4a. The green dashed vertical lines indicate the occurrence of elves. The horizontal red dashed
line in Figure 4a represents a peak current of 100 kA, which we choose as a reference for strong strokes as
estimated by EUCLID. There are 23 positive strokes with peak currents above this 100 kA threshold. Taking
into account an uncertainty of the EUCLID current estimation (absolute peak current deviations of about
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Figure 4. (a) The time distribution of negative (blue stars) and positive (reds stars) peak currents. The green dashed
vertical lines indicate the times of elve occurrences. The peak currents of causative strokes of elves E2 and E4 are
highlighted by red circles. The horizontal dashed line represents a peak current value of 100 kA. (b) The intensity of the
DHO38 transmitter signal recorded in Bojnice (Slovakia). (c and d) Covariance plots calculated from the measurements
of displacement currents conducted in Chilbolton (c) and Portishead (d), corresponding to the rate of change of the
local electric field. Vertical gray dashed lines point to strong strokes that accompanied an unrelated storm located in
Switzerland. Purple dashed lines are associated with strokes that might produce undetected elves. Red vertical dashed
lines in panels (a and b) indicate the occurrence times of sprites S1 and S2.

4 kA in comparison with direct current measurements; Schulz et al, 2014), we included in our data set also
one stroke with a peak current of 98 kA. We attempted to identify locations and times of occurrence of the
source lightning strokes of four observed elves in the EUCLID data. However, for only two of them, we
found reliable unambiguous detections. (Note: we identified all source lightning strokes in the VLF and ELF
data). Frame E2 corresponds to a positive CG stroke detected at 19:39:23.926 UTC with a peak current of
+493 kA and with a reasonable agreement of a high number of EUCLID sensors on this large signal peak.
Frame E4 corresponds to a positive CG stroke at 20:05:12.835 UTC and with a peak current of +391 kA for
which a number of sensors reported consistent high amplitude data. The correspondence is again unam-
biguous, as no other lightning discharges have been detected in the analyzed area during the 2 min before
and after this event. These two estimates of the peak currents of causative strokes for elves are marked by
red circles in Figure 4a.

As a result, the EUCLID estimates of the peak currents for the other two causative strokes are uncertain.
During the video frame E1, a complex positive discharge has been detected at 19:21:36.195 UTC, probably
with a large number of recoil leaders where the EUCLID sensors did send numerous messages, causing
difficulties to select the sensor reports correlated with the main return stroke. For frame E3, EUCLID sen-
sors sent many messages around 19:53:14.612 UTC and no consistent detection of a lightning stroke was
possible, probably because of its very large electromagnetic pulse that led to strong ionospheric reflections.
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4.3. Subionospheric VLF Propagation and Additional EUCLID Measurements

The intensity of the DHO38 transmitter signal exhibits several steep increases (Figure 4b) at the times of
the optical detections of elves. The increases of the intensity of a VLF signal can be recognized as LOREs
(Haldoupis et al., 2013) and explained by a smaller attenuation of a propagating signal at the reflection
point above the thunderstorm region due to an increased ionization of the lower ionosphere caused by
elves. Besides the four increases of the signal strength which coincide in time with the optical observations
of elves we noted two additional rapid intensity increases (one very large and one very weak) at 21:50 and
21:53 UTC, respectively. We speculate that optically undetected elves (“E5” and “E6”) might also have oc-
curred at the times of these signal intensity increases. These elves might have been out of the field of view
of the camera or might have been too faint to be detected by the UFOcapture software.

This is confirmed by EUCLID measurements. For event E5 the sensor data show a large electromagnetic
peak at 21:50:00.417 UTC, when six close sensors were saturated. The peak current reported by other sen-
sors at the same time were inconsistent, probably as a result of strong ionospheric reflections. The second of
these hypothetical elves (event E6) was associated with a strong positive return stroke having a peak current
of +363 kA in the EUCLID database.

4.4. QuasiStatic Current Changes

Figures 4c and 4d represent 4-h long covariance plots calculated from the measurements of quasistatic
displacement currents conducted on the BTD-300 detectors at Chilbolton (Figure 4c) and Portishead (Fig-
ure 4d). The prominent peaks in the covariance plots detected simultaneously at both stations indicate
the presence of distant ionospheric electron density enhancements, resulting from intense lightning elec-
tromagnetic pulses. The green dashed vertical lines show that the peaks in the covariance plots exactly
correspond to the times of the elve observations. There are also detections of other covariance peaks by
both the Chilbolton and Portishead monitors. Three pairs of peaks interconnected by vertical gray dashed
lines belong to strong strokes which are associated with a nonrelated storm located in Switzerland (~9.3°E;
~47.3°N) and which probably also modified the ionospheric conductivity. Three weaker pairs of peaks indi-
cated by purple dashed lines are associated with strokes, which occurred during the investigated time inter-
val close to the thunderstorm in Czechia. The first event at 21:50 UTC coincides with the event E5 where a
substantial increase of the strength of the VLF transmitter signal was detected, as it is shown in Figure 4b.
The second pair of peaks corresponds to a weak increase of the VLF signal at 21:53 UTC, with the EUCLID
detection of a +363 kA CG stroke, marked as event E6. For the third one at 21:58 UTC no distinct VLF signal
increase was observed, suggesting the associated strokes originated from a different area far from the VLF
transmission path.

Surprisingly, no pairs of peaks in covariance plots were associated with other strong strokes with peak
currents exceeding 100 kA. This indicates that these strong strokes did not generate an extensive horizontal
ionospheric electron density enhancement related to elves.

4.5. VLF Measurements of Causative RS

As the next step, we tried to independently verify the values of peak currents using the three-component
VLF measurement in Rustrel, France and the two-component VLF measurement in Kannuslehto, Fin-
land. As the thunderstorm was well localized and far from both receiving sites, the distance and angle
or arrival was very similar (<3% difference) for ground wave magnetic field pulses emitted by all inves-
tigated RS. As the magnetic loop antennas are directional with cosine characteristics, we corrected the
observed magnetic field peak amplitudes for their angle of arrivals. We assume that after the correction
the observed magnetic field peak amplitudes were proportional to their source peak currents (Uman
et al., 1975).

Due to our VLF recording pattern in Rustrel (a cycle of 144 s recordings followed by 156 s dead time) we
recorded only two RS pulses associated with elves from frames E2 and E4, one RS pulse associated with an
optically nondetected event E5 and some other eight return stroke pulses from lightning discharges with
peak currents exceeding 100 kA. Using the same method as Santolik and Kolmasova (2017), we verified
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the angle of arrival of the observed RS pulses to confirm that these pulses traveled to the VLF receiver from
the azimuth of the investigated thunderstorm. With minor corrections of amplitudes of the magnetic field
ground waves for their angles of arrival, E-W magnetic field waveform snapshots for all analyzed strong RS
pulses are shown in Figure 5a. Waveforms belonging to strokes that produced the elve events E2 and E4 are
represented by red solid lines. The waveform shown by a red dotted line belongs to the stroke correspond-
ing to the optically nondetected event E5. Waveforms generated by other strong strokes with peak currents
above 100 kA are plotted in black. All signals generated by RSs associated or possibly associated with elves
are followed by unusually strong ionospheric reflections of higher order that sometimes reach the analog
saturation level of our distant receiver. Ionospheric reflections, also known as sky waves, are labeled in Fig-
ure 5a as SW1, SW2, SW3,..., according to their order; the saturation is also indicated. We calculated the am-
plitudes of the E-W RS ground wave peaks and plotted them in Figure 5b as a function of the known peak
currents provided by EUCLID. Strokes associated with events E2, E4, and E6 are represented by red dots;
other strong strokes are shown by black dots. In other words, each black line from panel a is represented by
a black filled circle in panel b, which shows the peak amplitudes of the ground waves of RSs as a function
of known peak currents. We displayed in green also peak amplitudes belonging to nine +CGs stronger than
30 kA occurring during the storm.

The blue dashed line in Figure 5b represents a linear relation (Uman et al., 1975) calculated using a least
squares regression. For calculation of the coefficient of a linear relation, we used all positive strokes above
30 kA for which were both VLF amplitude of the E-W RS ground wave and peak current known. The drop of
E2 and E4 peak amplitudes can be explained by analog saturation effects in the preamplifier, which are well
seen on the subsequent sky waves. Therefore, we omitted these two points and calculated the coefficient
of the linear relation only for peak amplitudes of ground waves with amplitudes below the saturation level
of approximately 28 nT. The red circle marked E5 shows a peak current estimate (+307 kA) for a known
magnetic field peak amplitude of the corresponding ground wave RS pulse, while the red circle marked E6
represents a magnetic field peak amplitude estimate for a known peak current (+363 kA) associated with
the detected RS. The VLF amplitudes of the RS ground waves, as well as the coefficient of linear relation cal-
culated using the N-S magnetic field component differed only by 4.6% on average from the values received
from the E-W magnetic field measurements.

As the receiving station Kannuslehto operated continuously, we were able to find RS signals belonging to
events E1-E6 in the recordings of horizontal magnetic field components. We used records of the south-
ward magnetic field component for an estimation of the peak amplitudes of the RS ground wave pulses, as
their values in the eastward component reached the saturation level of the receiver. Similarly, as in Rustrel,
the ionospherically reflected waves of higher order associated with elves events were unusually strong,
saturating the receivers of both magnetic field components. We have also estimated the peak amplitudes
of RS ground wave pulses for a set of 10 strong RSs (above 100 kA; eight of them detected in Rustrel). We
corrected the amplitudes of the magnetic field ground wave pulses for their angles of arrival and plotted
them in Figure 5c as a function of the known peak current provided by EUCLID. Strokes associated with
events E2, E4, and E6 are represented by red dots, other strong strokes are shown by black dots. The blue
dashed line in Figure 5c again represents a linear relation calculated using a least squares regression. The
red circles marked E1, E3, and E5 shows a peak current estimate (+433 kA, +419 kA, and +361 kA) for
known magnetic field peak amplitudes of the corresponding ground wave RS pulses. With these estimates,
peak currents of all lightning RS causing the observed or anticipated elves events E1-E6 are above 300 kA.
Measured peak values of recorded RS pulses and peak currents inferred from the VLF measurements are
shown in the Table 1.

4.6. Optical and ELF Measurements of RS

In order to find an explanation for the observed absence of elves for RS with peak currents between 100 kA
and 300 kA we have also inspected other independent measurements of RS manifestations—light curves
measured by fast photometers, as well as current moments and charge moment changes reconstructed from
the ELF magnetic field measurement.
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Figure 5. (a) E-W magnetic field waveform snapshots recorded in Rustrel, France (each of them 2.2 ms long, starting
200 ps prior to their ground wave peaks). The waveforms that belong to elves produce the strokes E2 and E4 are
represented by red solid lines, the waveform belonging to possible elves-producing stroke E5 is shown by a red dotted
line. All waveforms generated by other strong strokes are plotted in black. Ground and sky waves are labeled by GW and
SW. (b) Ground wave peak amplitudes of all positive return strokes (RS, I, > 30 kA) as a function of the peak currents
provided by EUCLID (green and black dots correspond to peak currents below and above 100 kA, respectively). The
blue dashed line represents a linear regression line without elves producing strokes where preamplifier saturation

at approximately 28 nT occurred (marked by a red dotted line). The red open circle marked “E5?” shows a current
estimate for a known magnetic field peak amplitude. The red open circle “E6?” shows a magnetic field amplitude
estimate for a known peak current. (c) The same as in panel (b) but for the measurements conducted in Kannuslehto,
Finland. The red open circles marked E1, E3, and E6 show current estimates for known magnetic field peak
amplitudes. Red bullets show the strokes for which both the peak currents and VLF waveforms were available.

Fast all-sky photometers located at a distance from 20 to 100 km from the observed lightning channels
captured light curves for all four elve-producing RSs, two optically nondetected elve-producing RSs and
also the 20 other strong RS with peak currents above 100 kA which occurred during the observed thun-
derstorm. Note, that all-sky photometers captured also the scattered light from the clouds. Examples of the
obtained RS light curves are shown in Figures 6a and 6c¢ for elves-parent events E2 and E4 and in Figures 6b
and 6d for strong strokes with peak currents of +232 kA and 4248 kA, which, however, did not generate
any observable elves signatures. The subsequent pulses occurring in Figures 6¢ and 6d probably belong to
subsequent RS. The light curve in Figure 6d corresponds to a stroke detected by EUCLID with a surprisingly
small peak current of +15 kA. We did not found a relevant EUCLID detection in the time of the second
peak in Figure 6c. The distances between the observed RS and the corresponding photometers were 100,
23, 31, and 25 km, respectively, for the events shown in Figures 6a-6d. The light curves for elves E1-E5
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Figure 6. Examples of light curves of return stroke discharges measured by high-speed photometers of the Czech
fireball network at distances D from the RS channel. (a) E2: D = 100 km; (b) RS with a peak current of 248 kA,

D =25 km; (c) E4, D = 31 km; (d) RS with a peak current of 231 kA, D = 23 km. Vertical dashed lines show the time of
occurrence of RSs as reported by EUCLID.

and for 15 strong strokes were recorded with a sampling frequency of 5 kHz; the light curves of elves E6
and four remaining strong strokes were sampled only at 500 Hz. The measurement was not fast enough to
derive the velocity of the RS current waveform the rising times from their light curves. We are also not able
to relate their peak amplitudes and peak currents as changes in the visibility between locations of lightning
discharges and receiving station (for example, due to heavy precipitation) might have influenced the am-
plitudes of light curves. Therefore, we characterize the light curves of individual lightning by full width at
half maximum (FWHM) of the RS luminosity pulses. We used only records sampled at 5 kHz. The FWHM
is 0.6 + 0.3 ms and 0.8 =+ 0.3 ms for elves producing and the other strong strokes, respectively. As the spread
of FWHM values is quite large, we concluded that there is no apparent difference between light curves of
elves producing strokes and the light curves of other strong strokes (Table 1).

Similarly, current moment curves do not show any apparent differences between those calculated from
the ELF magnetic field measurement for elve-producing RS and other strong RS that occurred during the
same thunderstorm. Examples of current moment curves belonging to the same RS as in Figures 6a-6d are
plotted in Figures 7a-7d. We calculated average current moment and charge moment changes separately for
elve-producing strokes and for the other strong strokes. The obtained average peak current moments and
its standard deviations are 103 + 29 kA.km for strokes with observed elves signatures, and 125 + 85 kA.
km for other strong strokes with peak currents above 100 kA that occurred during the observed thunder-
storm. The corresponding average charge moment and its standard deviations changes are 301 + 155 and
329 + 143 C.km, respectively. We did not find any relation between peak currents and charge moment
change values for elves producing strokes (Table 1) which is in agreement with Huang et al. (1999). Taking
into account a huge spread of values we conclude that these average numbers do not differ significantly for
both groups of strokes. We also obtained similar values of FWHM for current moment pulses: 2.1 + 0.3 ms
and 1.8 + 0.3 ms for elves producing and the other strong strokes, respectively. Unfortunately, in both
groups of strokes, several current moment curves exhibited signatures of continuing current, which caused
the broadening of pulses and made the comparison of shapes of current moment pulses unusable.
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Figure 7. Examples of current moment curves of elve-producing RS (a and c¢) and other strong RS (b and d) calculated
from the ELF magnetic field measurements conducted at Hylaty station (Poland) at a distance of about 730 km from
the thunderstorm. The same events as in Figure 6 are shown. Vertical dashed lines show the time of occurrence of RSs
as reported by EUCLID. The propagation delay was already taken into account.

5. Model of Elves

We have shown that measurements of the current moment curves, charge moment changes, and the shapes
of light curves of individual RS do not provide us with the possibility to predict if individual strokes pro-
duced elves or not. On the contrary, measurements of displacement currents and electromagnetic VLF
signals indicate extensive ionospheric disturbances as manifestations of RSs associated with elves, even
without their optical records. However, using any of the described measurements we are not able to explain
why only lightning strokes with extremely high peak currents above 300 kA (and larger time derivative of
the electric field they generated) were associated with elves in our observations, and why the published
lower limits (Blaes et al., 2016; Newsome & Inan, 2010; van der Velde & Montanya, 2016) give a broad range
of very different values.

It is evident that there is another return stroke property, which is controlling the elves generation. We
therefore simulated optical emissions in the lower ionosphere associated with RS peak currents as high as
100 and 300 kA in order to identify other RS parameters which were not covered by our measurements and
which might influence the inception of elves.

To simulate the RS process, we use a modified transmission line model with an exponential current decay
with height (MTLE) which is an “engineering” RS model (Rakov & Uman, 1998). For this model the current
pulse at a given height z is related to the current pulse at the bottom of the channel by the formula:

1(z,t) = I(O,t—z/v)exp(—z/l), (1)
where 4 is the attenuation length scale that we used to simulate a conductivity of the return stroke lightning

channel and v is the RS current front wave velocity. The exponential decay of the current amplitude with the
altitude in our model is in accordance with Zhang et al. (2019) who showed that an exponential approxima-
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tion of the attenuated current front is reasonable for strong discharges. Their measurements show generally
lower values of the attenuation length scale (76-724 m), but we have tentatively chosen also higher values
of this variable (300, 500, 1,000, and 1,500 m) to show the impact of the conductivity of the RS channel
on the intensity of the elves. The attenuation length and the current wave velocity are independent in our
model. I (0,f) is a base current at z = 0 characterized by the analytical formula in Equation 22 from Heidler
and Cveti¢ (2002) with typical parameters for the first RS from Table 1 in Heidler and Cveti¢ (2002). A de-
velopment of the channel base current with a maximum value of 100 and 300 kA is shown in Figures 8a
and 8b, respectively. For the elves simulations we first computed an electromagnetic field in a vacuum
produced by the RS in the same way as Marshall et al., (2010). The interaction of the electromagnetic wave
with the lower ionosphere is similar to the model of Veronis et al., (1999). We solve Maxwell's equations
self-consistently; taking into account ionization, electron attachment, and effects of electron mobility on
the conductivity of the discharge channel. Excitation of the first positive band of nitrogen is derived from
kinetic models (Veronis et al., 1999) who determined an excitation threshold of the first positive band of
nitrogen as one third of the characteristic breakdown field Ey. The neutral density profile was taken from
the MSIS-E-90 Atmosphere Model (Hedin, 1991). The ambient electron density was modeled by a double
exponential function after Kuo et al. (2007)

Ne(t=0) =1.43-107 exp(-0.15h)exp| (B - 0.15)(z - &) ], )

with an ionospheric sharpness parameter 4 = 0.5km™". The height of the bottom of the ionosphere h = 86 km
was derived from our optical observations using the method described in van der Velde & Montanya, 2016.
Alength of the lightning channel is chosen equal to 7.5 km according to a hypothetical position of the main
positive charge center derived from meteorological radar measurements of the cloud-top height and from
balloon measurements of Stolzenburg and Marshall (2008). Nevertheless, we admit that charge distribution
in different storms may alter substantially (especially in possible case of an inverted polarity charge struc-
ture) and therefore we run the simulations also for lower altitudes of the main positive charge centers. Fig-
ure 8 illustrate the power density of emitted light expressed as production rate of photons per cubic meter
per second for different RS current wavefront velocities (20%, 40%, and 60% of the speed of light), a constant
attenuation length 4 =500 m, and two peak currents (100 kA panels on the left; 300 kA panels on the right).
Our choice of current wave velocities is based on findings of Mach and Rust (1993) and Blaes et al. (2014).
Mach and Rust reported current wave velocities as low as 17%-40% of the speed of light for positive light-
ning. Blaes et al. (2014) found that the most probable speed estimate was 64% of the speed of light for elves
producing lightning. The number of photons per cubic meter per second for different attenuation lengths A
(300, 500, 1,000, and 1,500 m), a fixed RS current wave velocity equal to one third of the speed of light, and
two peak currents is illustrated in Figure 9 (100 kA panels on the left; 300 kA panels on the right).

It is obvious from Figures 8 and 9 that both a slower current wavefront and a higher resistivity of the light-
ning channel represented by a decreasing attenuation length A lead to a weaker emission of photons. If we
decrease the parameter A to one fifth from 1,500 to 300 m, the emission of photons decreases by two orders
of magnitude. Similarly, if we decrease the velocity of the RS current wave 3 times from 60% to 20% of the
speed of light, the emission of photons drops by two orders of magnitude. The maximum value of 2.1 x 10"
photons/s/m? we obtained for a peak current of 300 kA, a velocity of the current wave of 1.8 x 10° m/s and
an attenuation length of 1,500 m (Figure 9h). The photon production was one order of magnitude smaller
if we keep all parameters and decrease the peak current of the causative stroke to 100 kA. To be sure that
our model gives us reasonable values of the photon production, we very roughly approximated a photon
flux which might see a sensor onboard the FORMOSAT-2 spacecraft (A. B. Chen et al., 2008, their Figure 5)
generated by the simulated elve from Figure 8c. We obtained a flux of about 10° photons/cm? corresponding
to a peak current of 110 kA in their Figure 5, which is in a good agreement with our model. A threshold for
the electric field at elves altitude needed for their generation (0.3 E, Veronis et al., 1999) was reached for
all simulated combinations of parameters. For the least favorable conditions represented by a peak current
of 100 kA, the current wave velocity of one third of ¢ and an attenuation length of 300 m we obtained an
electric field of 0.37 Ey at an altitude of 89 km.
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Figure 8. (a and b) Development of the channel base current with a maximum value of 100 kA and 300 kA,
respectively; Production of photons per cubic meter per second for different return stroke current wave velocities (c and
d) 20% of the speed of light, (e and f) 40% of the speed of light, and (g and h) 60% of the speed of light and a constant
attenuation length 4 =500 m. Note that the color scales in the columns differ by one order of magnitude.
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Figure 10. The number of photons per cubic meter per second for different values of the ionospheric steepness 3 (a)
0.4, (b) 0.6, (c) 0.7, and (d) 0.8 with a fixed RS peak current of 100 kA and a current wave velocity equal to one-third of
the speed of light.

The variations in the length of the lightning channel did not influence the productions of photons as in the
MTLE model with an exponential current decay with height the bottom part of the channel produces the
highest contribution to the photon production. If we fix the peak current to 100 kA, the attenuation length
to 1,500 m, the velocity of the current wave to one third of speed of light, and run our model for two different
lengths of the lightning channel (3.5 and 7.5 km), the photon production reached in both cases the same
maximum of 1.3 X 10" photons/m?*/s. The difference in productions of photons excited by strokes with peak
currents of 100 kA flowing in the 7.5 and 3.5 km long channels reached only 0.013%..The ionosphere was
rather turbulent during analyzed storm. The variations of the narrowband VLF signal (Figure 4b) indicate
that both the electron density and its steepness 8 were not constant and that the initial ionospheric condi-
tions for each captured elves were different. Therefore, we run our model for different values of  in order
to evaluate the influence of its variations on the photon production. We keep the attenuation length equal
to 500 m and the velocity of the current wave at one third of the speed of light as in Figure 9a, in which
is equal to 0.5. Then we have chosen all values of  derived from different measurements reported in the
literature (Golkowski et al, 2018; A. Kumar & Kumar, 2020; S. Kumar et al., 2009; Thomson et al., 2007). The
results for § equal to 0.4, 0.6, 0.7, and 0.8 are shown in Figure 10. It can be seen that steeper electron density
profile leads to a decrease of the upper boundary of elves. At the same time, the region of the most intense
production of photons is smaller and weaker and the apparent elves hole can be larger.

Cho and Rycroft (1998) showed that the amplitude and rise time of the return stroke current pulse influence
the intensity of elves. We have demonstrated that the velocity of the current wave and the conductivity of
the lightning channel of the causative lightning RS are other important factors that control the intensity of
elves. Geographical and seasonal variations of conductivity could be expected since the highly conductive
lightning plasma channel is maintained by Joule heating, but its dissipation is controlled by expansion
and radiative cooling. Based on spectroscopic measurements of several lightning channels conducted in
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different geographical conditions Guo et al. (2009) concluded that in China the conductivity of coastal RS
lightning channels was higher than of those which hit the plateaus.

It is obvious that the conductivity of the lightning channel influences the amplitude of the RS pulse and that
the velocity of the current wave is reflected in the rise time of the RS pulse. Unfortunately, we are not able
to estimate these parameters reliably using our instrumentation. The cadence of the photometers (5 kHz) as
well as the upper frequency limits of the VLF (25 and 39 kHz) and ELF (300 Hz) receivers are not sufficient
to determine the velocity of the current waves from the rising times of the optical or electromagnetic RS
pulses. We can only very roughly adjust the elves hole radii and estimate current wave velocities of causative
RSs using the Figure 3a from Blaes et al. (2014): assuming a length of 7.5 km for the lightning channel we
obtain about 40%, 50%, 70%, and 80% of the speed of light for E1, E2, E3, and E4, respectively.

6. Summary

A small-scale unusual continental spring-time thunderstorm (the first 2017 storm in Czechia) with a CAPE
of 375 kJ/kg exceeding more than 3 times the usual April value, with an above-average afternoon temper-
ature, and with winter-like cloud-tops of 9.5 km, was found to produce an extremely high fraction (55%)
of positive CG RSs. Such a high percentage of CG+ lightning strokes is unusual even for winter thunder-
storms. We can speculate that this high fraction of positive strokes might be a manifestation of the inverted
polarity storm. Our model cannot rule out this charge arrangement. If we set a length of the lightning chan-
nel to 3.5 km, where we can expect the main positive charge center in case of an inverted polarity storm,
the production of photons per cubic meter per second did not change substantially. The peak currents of
detected positive strokes reached a mean of +93 kA (a median of +64 kA) while a mean peak current of
negative RS was only 9 kA (a median of 5 kA). Four elves caused by exceptionally strong CG+ lightning
strokes (>300 kA) were detected optically by a low-light camera at a distance of 430 km from the thunder-
storm. These CG+ s occur in small but high radar reflectivity spots (Figure 1). These spots were probably
rich reservoirs of the positive charge for such strong CG+, similarly as in Japan (Takahashi et al., 2003) or
Mediterranean (Ganot et al., 2007).

Independent signatures of horizontal ionospheric disturbances indicate a presence of elves in agreement
with records of displacement currents at ~1,100 km distance from the storm and also in electromagnetic
VLF measurements of ionospherically reflected sferics recorded 800 and 2,100 km from the storm. The
peaks in the covariance plots calculated from measurements of displacement currents indicate the presence
of extensive horizontal ionospheric electron density enhancement and can be without any ambiguity for the
first time assigned to elves-producing strokes. Large changes of the electron density in the lower ionosphere
that lead to changes in the reflection efficiency for narrow-band VLF signals close to the elve locations were
also confirmed by detection of LOREs in the measurements of the signal intensity of the DHO38 transmit-
ter. As the distance between the signal propagation path and the thunderstorm location was about 300 km,
detection of LOREs imply peak currents of causative strokes larger than 250 kA (Haldoupis et al., 2013).

All these electromagnetic observations, which are not dependent on the sensitivity of the camera or on the
background luminosity level of the night sky, coincide with the four optically detected elves and indirectly
indicate the presence of two other elves that occur later in the decaying phase of the storm. Surprisingly,
the same electromagnetic measurements indicate that other strong strokes (20 strokes above 100 kA) were
not producing observable elves. At the same time, ELF magnetic field and fast photometer measurements
of RS did not indicate conditions allowing or preventing the occurrence of elves. The optical properties of
elves and electromagnetic properties of their causative RSs, including the optically undetected elves are
summarized in Table 1. The table contains also optical and electromagnetic properties of all strong strokes
detected in Rustrel. The table clearly shows that the relation of the peak currents of elve-parent strokes with
optical properties of elves, current moments or charge moment changes of their causative RSs is very weak
or is missing at all. It supports our assumption that there are also other properties of RSs, which control gen-
eration of elves. We simulated optical emissions in the lower ionosphere associated with high peak current
lightning strokes. Our model is based on the transmission line model with an attenuation of the current
with height. We run our model for numerous combinations of different parameters, which might influence
the production of the optical emissions. For two peak currents of causative strokes (100 and 300 kA) we
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have varied the velocity of the RS current waves, the ionospheric sharpness, the length of the lightning
channel and its conductivity represented by the attenuation length.

We show by means of modeling that the formation of elves is not only determined by the high-peak currents
of their causative strokes but that it is also controlled by the conductivity of the lightning channels, veloc-
ities of the current wavefronts, and by the sharpness of the ionosphere. In summary, we hypothesize that
less conductive RS lightning channels and/or slower current waves flowing in these channels might have
been associated with the unusual small-scale continental spring-time thunderstorm described in this study.
We also cannot rule out that the electron density profile of the lower ionosphere above the thunderstorm
was not very sharp. As a result, only extremely strong lightning strokes with peak currents exceeding 300 kA
might have been capable to produce observable elves in this specific case.

Data Availability Statement

All other data are available at http://dx.doi.org/10.17632/z5y3ggw6gm.1. Rustrel VLF data are available at
http://bleska.ufa.cas.cz/Isbb/storage/elm/.
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